The stimulation and depression of peripheral blood lymphocytes has previously been studied in vitro, showing an immune depression postoperatively; however, it is difficult to interpret these in vitro findings. Therefore, an in vivo technique has been established for determination of the fractional protein synthesis rate, as an index of metabolic activity in human peripheral blood lymphocytes, by using a stable isotope technique. 
INTRODUCTION
Within the immune system, lymphocytes are important cellular components that are found in lymphoid tissues as well as in peripheral blood. They are responsible for cell-mediated immunity. Three main groups are recognized: T-cells, B-cells and natural killer cells. Lymphocyte function in uiuo may be evaluated by skin tests involving antigens such as purified protein derivative (tuberculin), mumps and streptokinase-streptodornase [ 1, 21. These tests are measuring the cell-mediated immunity, which is T-lymphocyte related. However, such tests show a low reproducibility when repeated [3] .
A number of in vitro techniques, such as the stimulation of lymphocytes by the T-cell mitogens phytohaemagglutinin-A (PHA) and concanavalin-A, have also been widely used, showing that the immune system is influenced by trauma; the responsiveness of lymphocytes to mitogens becomes impaired and this change is related to the degree of the trauma [2, 4, 51 . Also, the technique of anaesthesia might be of importance in patients undergoing surgery, since halothane and epidural anaesthesia, which both block the sympatho-adrenal response to surgical stress more effectively than conventional neurolept anaesthesia, also influence lymphocyte reactivity less than neurolept anaesthesia [&lo] .
However, the mitogen stimulation assays must be used with circumspection [l 11. Large intraindividual variations in response to PHA have been demonstrated [ 121. Moreover, it has been proposed that the lymphocytes are unable to respond further to mitogen stimulation in vitro, postoperatively, since they are already highly stimulated in uiuo. This is supported by the observation that spontaneous DNA synthesis is increased after trauma [13] [14] [15] . This technique measures the actual synthesis of nucleic acids by thymidine incorporation in vitro without stimulation and may give the best representation of in uiuo conditions [14, 161. The rate of protein synthesis in peripheral blood lymphocytes can now be measured in vivo, by the determination of the incorporation of a stable isotope into the lymphocyte proteins. This is an attractive approach for studying the metabolic activity of lymphocytes and has already been used to demonstrate a 4-fold increase in the rate of protein synthesis in peripheral blood lymphocytes after interleukin-2 infusions for treatment of metastatic cancer [ 171. This increase corresponded to an increase in the spontaneous uptake of C3H]thyrnidine and changes in the phenotypic expression of the lymphocytes, but these changes were less consistent than the stimulation of protein synthesis.
The aim of the present study was to characterize the effect of surgery on the rate of protein synthesis in mononuclear cells in peripheral blood. In particular, we have examined a variety of factors that might influence the response, including perioperative nutrition and degree of stress. The rate of protein synthesis in vivo was determined by the flooding procedure with [2H,]phenylalanine in place of the [ 1 -l 3C]leucine used previously [ 171, as the former amino acid can be measured in smaller samples and more conveniently by GC-MS [18, 191 .
MATERIALS AND METHODS Materials
['H,-ringlPhenylalanine, 99 atom % (Tracer Technologies, Somerville, MA, U.S.A.), was dissolved in sterile water together with unlabelled phenylalanine (Ajinomoto Company, Tokyo, Japan) to a concentration of 20g/l and an enrichment of 7.5 and 15 atom % excess (APE). The solutions were prepared, heat sterilized and stored in sterile containers.
Subjects and experimental protocols
The protocol for determination of the rate of protein synthesis in peripheral blood lymphocytes was as follows. An intravenous injection of phenylalanine [45 mg/kg, 2%, 7.5 APE (first determination) and 15 APE (second determination)] was given in the antecubital vein over 10min. Venous blood samples were taken from the opposite arm before (time 0), and at 5, 10, 15, 30, 60 and 90min after the phenylalanine injection, for measurement of the isotopic enrichment of phenylalanine in plasma. For measurement of the enrichment of ~-[~H,]phenylalanine in lymphocyte protein, 20 ml of blood was drawn at 90min after the start of the isotope injection during the first determination, and at time 0 and 90min after the start of the isotope injection during the second determination. (Table 1 ). In experiment 2a the patients received saline as fluid therapy for the first 24 postoperative hours. In experiment 2b saline was given during the surgical procedure, and immediately after surgery the patients received an infusion of TPN, which continued throughout the final assessment of the rate of protein synthesis the next day.
The patients were taken to the operating theatre after an overnight fast. The first determination of protein synthesis in peripheral blood lymphocytes was performed during a 90min period, before the induction of anaesthesia. The second determination of the rate of protein synthesis was made 24h postoperatively, starting with an initial blood sample at time 0 for assessing the enrichment of phenylalanine in lymphocyte protein, and the measurement of protein synthesis was then continued according to the protocol described above.
For the anaesthetic technique, a modified neurolept anaesthetic with 70% nitrous oxide in oxygen was chosen and no volatile anaesthetic was given. The anaesthesia was induced with 250mg of thio-pental sodium (PentothalO Natrium; Abbot Laboratories, North Chicago, IL, U.S.A.), 0.2mg of fentanyl (LeptanalB; Janssen Pharmaceutica, Meckenheim-Merl, Germany), 5 mg of diazepam (StesolidB; Novum, Dumex, Copenhagen, Denmark) and 0.1 mg/kg pancuronium (PavulonO; Organon Teknika, Boxtel, Holland). The cholecystectomy was performed by a subcostal incision and all patients were given saline, 3 ml/kg, perioperatively and the saline group continued with 35 m124 h-' kg-' postoperatively (Natriumklorid @; Kabi, Stockholm, Sweden). The TPN given to the other group consisted of 135 kJ 24 h-' kg-' body weight. The nonprotein calories were provided as equal amounts of glucose (Glucos 20%@; Kabi) and fat (Intralipid 20733; Kabi). The nitrogen was given as 0.2g of N 24 h-l kg-' body weight (Vamin-glukos@; Kabi). Neither vitamins, trace elements, electrolytes or other nutrients apart from the TPN formula were given. No intervention had been made regarding diet before arrival at the hospital or before the surgical procedure.
Experiment 3: potential modifiers of the response to cholecystectomy: open versus laparoscopic surgery and effect of preoperative glucose infusion
Nineteen metabolically healthy patients who were to undergo cholecystectomy participated in the study (Table 1) . Patients were randomized into three groups: either open cholecystectomy with (experiment 3a) or without (experiment 3b) preoperative glucose infusion or laparoscopic cholecystectomy (experiment 3c). In all patients, lymphocyte protein synthesis was determined 1 to 5 days before the operation in the postabsorptive state and 24 h after the operation. All the measurements were performed during a hyperinsulinaemic normoglycaemic glucose clamp as described below, as these patients were part of a separate investigation of insulin sensitivity and the factors that might modify the metabolic response to surgery.
The hyperinsulinaemic normoglycaemic glucose clamp included an intravenous infusion of insulin (Human Actrapid@; Novo, Copenhagen) at a rate of 0.8m-unitsrnin-' kg-' body weight. Insulin was given in saline with a small amount of the subjects' blood to prevent adsorption. Plasma glucose concentrations were continuously assessed (Biostator; Miles Laboratories, Elkhart, Indiana, U.S.A.) and intravenous infusion of glucose (200 mg/ml, Kabi Pharmacia) was varied to maintain euglycaemia at 4.5-5.0 mmol/l [20, 211 . Approximately 60 min were required to achieve stability in insulin levels of 40 m-units/l, comparable to the values achieved during normal feeding [22] .
The patients in experiments 3a and 3c were fasting from 24.00 hours the night before the operation, while the patients in experiment 3b received a glucose infusion continuously at a rate of 5mgmin-'kg-' between 18.00 hours the day before the operation until the start of surgery. Oral intake was allowed until midnight before surgery. The patients received 2.000-3.000 ml of glucose, 25 mg/ml (RehydrexO; Kabi Pharmacia), perioperatively and the intravenous infusion was withdrawn at midnight before the postoperative measurement.
The anaesthesia was induced by thiopental sodium (Pentotha]@ Natrium; Abbot Laboratories) and suxamethonium chloride (Celocurin@-chloride; Kabi Pharmacia) and followed by an isoflurane (1-3.574, ForaneB; Abbot Laboratories) anaesthesia with a 30/70% mixture of oxygen/nitrous oxide. The open cholecystectomy was performed by a right subcostal incision and perioperative cholangiography was normal in all patients. The laparoscopic cholecystectomy was performed by using four trocars, two of 5mm length in the right side of the abdomen and two of lOmm length in the midline position, and the intraperitoneal pressure was 10-13mmHg.
All the patients undergoing an open cholecystectomy received an intercostal blockade of lOml of prilocaine (CitanestQ, 10 mg/ml; Astra, Sweden). On request the patients received 5 mg of ketobemidone hydrochloride (KetoganB; Lundbeck, Copenhagen, Denmark) subcutaneously for postoperative pain relief.
Experiment 4 hyperinsulinaemic normoglycaemic glucose clamp in volunteers
To investigate the separate effect of a hyperinsulinaemic normoglycaemic glucose clamp on the rate of protein synthesis in peripheral blood lymphocytes, six healthy volunteers were studied postabsorptively before and during hyperinsulinaemic normoglycaemic glucose clamp (Table 1) . Immediately after the first determination of protein synthesis the hyperinsulinaemic normoglycaemic clamp was started using a Biostator (Miles Laboratories) as described previously [20, 211 . Three hours later, while the clamp continued, protein synthesis of lymphocytes was determined a second time.
The nature, purposes and potential risks of the experimental procedures were explained to all subjects and patients, who all gave their consent. The research protocol was approved by the Ethics Committee of the Karolinska Hospital, Stockholm, Sweden.
Isolation of lymphocytes from peripheral blood
Twenty millilitres of blood was drawn from a venous line and poured into two heparinized lOml tubes containing 1.4mg of cycloheximide (0.5 mmol/ 1; Sigma Chemical Company, St Louis, MO, U.S.A.) each. Twenty millilitres of saline at 18°C (Natriumklorid; Kabi) was added to the 20ml of blood. Five millilitres of the mixture was then slowly layered on top of 3ml of a density gradient (Lymphoprep; Nycomed, Oslo, Norway), and eight such gradient tubes were centrifuged at 8OOg for 15 min at room temperature. The lymphocyte layers were removed and washed twice with saline before storage at -80°C [23] . No specific step was taken to exclude macrophages and monocytes from the preparation, which therefore consisted of mononuclear leucocytes.
Measurement of protein synthesis
The measurement of rates of protein synthesis in tissues in man by the flooding technique with [ 1 -3C]leucine has been described previously [ 17, 241. The present approach followed that of Park et al. [17] , except that the labelled amino acid was [2H,]phenylalanine [ 191. The determination of ~-[~H,]phenylalanine enrichment in plasma samples as well as in samples of hydrolysed protein from isolated lymphocytes was made by GC-MS under electron impact-selective ion monitoring. The enrichment in plasma was measured by monitoring the ions at masses m/z 336 and 341 of the tertiary butyldimethylsilyl derivative. The enrichment of phenylalanine from lymphocyte protein hydrolysates was measured by enzymic decarboxylation to phenylethylamine, followed by GC-MS of the heptafluorobutyryl derivative at mass m/z 106 and 109 as described previously [ 18, 191 . The determinations were performed on a VG 12-253 quadruple mass spectrometer (VG Biotech, Altrincham, U.K.).
Calculations of rate of protein synthesis
The rate of lymphocyte protein synthesis was calculated from the formula described previously [24] :
K , is the fractional protein synthesis rate (% per day). P(0) and P(t) are the enrichments of phenylalanine in lymphocyte protein at the beginning and end of the incorporation period (APE) and A is the area under the curve for plasma phenylalanine enrichment (APE x time in days). The calculation of area was made by assuming a linear change between successive time points for phenylalanine enrichment ~241.
Statistics
Data are presented as means and SEM. Comparison of mean values was performed by paired or unpaired Student's t-test [25] .
RESULTS

Experiment I: time course of isotope incorporation into lymphocyte protein
It has previously been suggested that the rate of protein synthesis, calculated from incorporation at was a rise in the rate of protein synthesis (6.12+0.90%/day to 9.47+ 1.14%/day), but it did not quite reach statistical significance ( P =0.066, Fig. 2) . A similar increase was also observed in the TPN group (7.46f 1.18%/day to 9.36+ 1.76%/day, P = 0.208). However, when the two groups were combined, the increase in the rate of protein synthesis was 49 & 19% and reached statistical significance (6.79 f0.73%/day to 9.42f0.99%/day, P=O.O17).
Experiment 3 potential modifiers of the response to cholecystectomy: open versus laparoscopic surgery and effect of preoperative glucose infusion
As these patients formed part of a separate study, they were measured during normoglycaemic hyperinsulinaemic glucose clamps. However, in the open cholecystectomy group the rates of lymphocyte protein synthesis were similar to those in patients who did not receive the clamp (experiment 2). Moreover, the increase in protein synthesis after surgery did not achieve statistical significance (Fig. 3) . In the group receiving glucose preoperatively the synthesis rates and the response of lymphocytes to surgery were not different from those in the group not receiving glucose, showing that the response to surgery was not modified by preoperative glucose. After laparoscopic cholecystectomy the rate of protein synthesis in lymphocytes was increased postoperatively from 6.58 & 0.61%/day to 7.97 & 0.66%/ day ( P not significant). There were no statistically significant differences between the three groups. However, when the three groups were combined, a 0 I Pre Post Pre Post Pre Post
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Preoperative glucose Laparoscopic 40f 14% (6.77,0.45%/day to 8.82_+0.62%/day, P = 0.01 1) increase in the rate of protein synthesis was observed. When the change in synthesis rate in peripheral blood lymphocytes in the laparoscopic group (experiment 3c; 25fl%, P= 0.076) was compared to the rate in the groups with open cholecystectomy (experiments 3a and 3b; 49 f 22%, P = 0.047), no statistical significance was observed between the two surgical techniques.
Experiment 4 hyperinsulinaemic normoglycaemic glucose clamp in volunteers
The separate effect of a hyperinsulinaemic normoglycaemic glucose clamp on the rate of protein synthesis was investigated in healthy volunteers (n = 5), who were studied in the postabsorptive phase, before and during hyperinsulinaemic normoglycaemic glucose clamp. The rate of lymphocyte protein synthesis was 8.43 f 0.47%/day before glucose clamp and 7.87 f 0.86%/day during the clamp, confirming the results from experiment 2 that hyperinsulinaemia had no influence on lymphocyte protein synthesis (Fig. 4) .
DISCUSSION
The rate of protein synthesis in peripheral blood lymphocytes was elevated 24 h after moderately stressful surgery. The increase was not statistically significant in any single group. However, when the groups were combined within either experiment 2 or experiment 3, a significant increase in protein syn- thesis was observed at 24 h (experiment 2: 49 f 19%, P < 0.02; experiment 3: 40 & 14%, P < 0.02). Liver protein synthesis is also reported to increase after surgery in experimental animals [28] . In contrast, results obtained from skeletal muscle show a decrease in the rate of protein synthesis by 30% at 24h after surgery [29] . This suggests that the increases in protein synthesis in lymphocytes and liver are offset by a decrease in skeletal muscle, since no increase in whole-body protein synthesis occurs with surgery such as cholecystectomy [30] . Studies of healthy volunteers show that an infusion of adrenaline, cortisol and glucagon for 6h, mimicking the hormonal response to trauma, decreases the rate of protein synthesis in lymphocytes after 6h. However, 18h after ceasing the infusion, synthesis rates are normalized [3 I] . Similarly, the function of T-and B-lymphocytes in stressed animals is decreased, which occurs in parallel with an elevated cortisol secretion [32] . However, this depression is observed in the initial phase, whereas later the lymphocyte function is hyperactive, suggesting a biphasic response. Accordingly, our data showed an increase in the rate of protein synthesis in peripheral blood lymphocytes, determined in vivo, in patients 1 day after cholecystectomy.
A biphasic temporal response to surgery has also been observed in vitro, by Koenig et al. [9, lo] , who found a depressed mitogen response in lymphocytes immediately and 4 h after gynaecological surgery, but the response was normalized or even increased on the third postoperative day. After major abdominal or cardiac surgery the mitogen response seems to be depressed for a longer time period than after gynaecological surgery [33] .
The increase in the rate of protein synthesis in peripheral blood lymphocytes observed 24 h postoperatively might be due to a stimulation of the whole pool of peripheral blood lymphocytes. However, it has been shown that the number of Tsuppressor cells increases, while the number of Thelper cells decreases after open cholecystectomy [34] . In major trauma it has been suggested that the T-suppressor cells are already stimulated at an early stage, while the T-helper cells stay depressed for a longer time [35] . Thus, there are data indicating that the two subsets respond differently to trauma. Our findings might therefore be due to a stimulation of the T-suppressor cells, which is greater than the depressive effect on the T-helper cells.
The anaesthetic technique may also influence lymphocyte activity after a surgical procedure [l 1). The lymphocyte responsiveness to mitogens is shown to be reduced after orthopaedic surgery under general anaesthesia (without volatile anaesthetic agent), while the responsiveness is increased in patients receiving epidural anaesthesia [8] . In the present study all the patients received general anaesthesia. The patients in experiment 3 were anaesthetized with isoflurane, a volatile anaesthetic, while the patients in experiment 2 received a modified neurolept anaesthesia. This difference in anaesthetic technique did not seem to influence the synthesis rate in peripheral blood lymphocytes at 24 h postoperatively.
In experiments 2 and 3 the patients received nutritional therapy. In experiment 2 postoperative TPN was given, whereas in experiment 3b preoperative glucose infusion was initiated after the first determination of protein synthesis. The preoperative glucose was given as previous work suggested that this would result in an amelioration of postoperative insulin resistance [36] . However, in both experiments the responses of protein synthesis were similar to those in the corresponding experiments where the patients were given neither pre-nor postoperative nutrition. This suggests that lymphocyte protein synthesis is not influenced by short-term nutritional regimens. However, it gives no indication of the sensitivity to nutrition over longer periods and during critical illness, as protein-calorie malnutrition has been shown to impair the T and B systems and nutritional repletion to improve their immunocompetence [37] .
Similarly, insulin, whose major role is in the control of nutrient metabolism, appears to have no effect on lymphocyte protein synthesis. In experiment 3 the determination of lymphocyte protein synthesis was performed during a hyperinsulinaemic normoglycaemic glucose clamp, as part of another study. However, both the pre-and postoperative determinations were performed under the same circumstances and did not differ from the rates found in experiment 2 without the clamp. Also, we have shown in experiment 4 that a hyperinsulinaemic normoglycaemic glucose clamp had no effect on lymphocyte protein synthesis in healthy volunteers.
In the basal state the rate of protein synthesis in lymphocytes, when determined by flooding with [2H5]phenylalanine, showed an interindividual variation. The rate and variability measured with [2H5]phenylalanine were similar to those measured previously with [1-'3C]leucine in controls and in cancer patients [17] . We considered whether age might be a factor in the range of values observed, since compromised immunocompetence has been reported in the elderly, with a lower response to PHA in lymphocytes [38] . However, in the population studied, ranging from 19 to 70 years of age, we could not observe any significant correlation between age and rate of protein synthesis in lymphocytes.
The variability in the rate of protein synthesis might also be due to the normal movement of lymphocytes out of the circulation and into lymphoid tissues, or to lymphocyte infiltration into a tissue for action at a specific site. The increase observed in the rate of protein synthesis 24h after surgery could also be due to a change in the composition of the peripheral mononuclear leucocytes: either more cells with an inherently higher rate of protein synthesis could have been produced or secreted, or more cells with an inherently lower rate of protein synthesis could have been taken up into the tissues. It is not known whether peripheral mononuclear leucocytes are good representatives of the total lymphocyte pool, and this uncertainty is a problem for all techniques that are available today, since both in vitro and in vivo studies isolate circulating lymphocytes from peripheral blood and not from lymphocytes within tissues.
In summary, we have used the flooding method with [2H5]phenylalanine to measure the rate of protein synthesis in peripheral blood lymphocytes, as an index of their metabolic activity in vivo, in patients after surgery. Twenty-four hours after open cholecystectomy there was a rise in lymphocyte protein synthesis, and this increase was unaffected by pre-operative glucose, post-operative TPN and by laparoscopic procedure.
